A fundamental limitation within the field of digital microfluidics is the minimum droplet volume that can be internally-controlled and exploited. Surface acoustic waves (SAWs) have been shown to be a fast and efficient method for generating internal flows and patterning in microfluidic droplets, but no improvements in droplet miniaturization have been reported since its introduction. Here we demonstrate the relevant length scales in sub-nanometer amplitude SAW-driven acoustic streaming. We illustrate the absence of any physical limitations beyond fabrication capabilities preventing the downscaling of SAW-driven internal streaming to nanoliter microreactors and beyond, and we experimentally demonstrate this by extending SAW microfluidics up to operating frequencies in the GHz range. The scaling is applied to demonstrate ultrafast fluid mixing in nanoliter order droplets by exploiting 1.1 GHz SAW.

Development of micro-total-analysis systems offers new possibilities in portable healthcare and environmental sensor systems. SAW driven microfluidics has become a very powerful fluid actuation method owing to the ability of SAWs to transfer a large amount of momentum into fluids, using integrated transducers in truly portable battery-operated systems.\[[@b1]\] The typical amplitudes of SAWs used in these devices are on the order of nanometers or less, however owing to the high frequencies used (*O*(10 − 100 *MHz*)) the accelerations induced by these waves are enormous---over 10^7^ ms^−2^---which can be exploited to drive ultra-fast flows in microfluids.\[[@b2]\] Depending on geometry and power input, SAWs can actuate a range of fluid processes such as mixing,\[[@b3],[@b4]\] particle manipulation,\[[@b5]--[@b7]\] droplet actuation,\[[@b8]--[@b10]\] atomization,\[[@b11]\] water-in-oil emulsions,\[[@b12]\] and pumping in closed microchannels via acoustic counterflow.\[[@b13],[@b14]\] Digital SAW microfluidics applications have typically been demonstrated using microliter droplets or larger, as in the case of other digital microfluidics technologies.\[[@b15]\] Further miniaturization beyond these limits, including fine control of internal flows in nanoliter order microreactors, is imperative to address as we look to the future of digital microfluidics.

The outstanding performance of SAW-driven micro-mixers, micro-centrifuges and micro-sorters\[[@b5]\] arises from SAW-driven acoustic streaming. SAWs radiate acoustic energy into fluids owing to the sound velocity mismatch between the fluid and the substrate. The induced pressure wave in turn drives a steady state flow, namely acoustic streaming. Up to now SAW microfluidic devices have typically been operated with frequencies between 20 MHz to 200 MHz, with acoustic wavelengths above ∼20 μm (although they have been exploited very recently up to ∼300 MHz\[[@b16],[@b17]\]). No scaling laws of the resulting flow patterns as a function of the acoustic length scales has been explicitly investigated. In order to downscale SAW microfluidics, we have studied for the first time here acoustic streaming and particle patterning as a function of the operating SAW frequency from 47.8 − 1107 MHz while varying the droplet volumes from microliters down to \<∼ 1 nanoliter. We demonstrate how acoustic streaming and particle patterning scales with the ratio of droplet sizes to viscous fluid acoustic damping and SAW damping lengths. For the first time acoustic streaming and ultrafast mixing in nanoliter order droplets is investigated by exploiting SAWs in the ultra high frequency range (UHF; defined as 300 MHz -- 3 GHz).

SAW microfluidic devices, as shown in **Figure** [**1**](#fig01){ref-type="fig"}, were fabricated at nominal frequencies of 50, 100, 200, 400, 833, and 1250 MHz, and the reflection coefficients were measured to find the resonant frequency at which to operate (**Table** [**1**](#tbl1){ref-type="table"}; details of similar fabrication techniques can be found in Travagliati et al.\[[@b18]\]). Each SAW device consisted of straight-fingered titanium:gold (10 nm:100 nm) interdigital transducers (IDT) patterned on 128° Y-cut, X-propagating lithium niobate (LN) substrates. For the purpose of microfluidic actuation, the amplitude of the SAWs generated by each device was set to *A* = 100 pm by direct measurement with a laser Doppler vibrometer (LDV; UHF-120 Ultra High Frequency Vibrometer, Polytec, Germany). The SAW amplitude was measured in the region where the fluid was placed, and was found to be consistent across the wave path. To visualize internal streaming flows, droplets were pinned in hydrophilic well regions formed by patterned surface silanes. The contact angle for each droplet on the surface was 93° ± 3°. For the case of the large droplets in **Figure** [**2**](#fig02){ref-type="fig"} only, a coverslip was placed over the droplets with 385 μm spacers to aid in flow visualization. Similar setups were used to demonstrate microfluidic mixing, with initially segregated fluid sections. For 1 μL droplets 10% dye was initially compartmentalized in water, and for the nanoliter scale droplets latex beads (500 nm) were used. Mixing efficiency was determined by a normalized mixing index over time, with an associated mixing half-life (details in Ref. \[4\]).

![Schematic of the 1.1 GHz surface-acoustic-wave microfluidic device (not to scale). An overlaid section of a representative LDV (laser Doppler vibrometer) measurement shows a 100 pm amplitude SAW travelling from the IDT to the fluid droplet.](adma0026-4941-f1){#fig01}

###### 

Properties of the SAW devices used

  Frequency, nominal *f*~0~ \[MHz\]   Frequency, actual *f* \[MHz\]   Wavelength, *λ*~s~ \[μm\]   Damping length, water *x*~f~ \[mm\]   Damping length, SAW *x*~s~ \[μm\]
  ----------------------------------- ------------------------------- --------------------------- ------------------------------------- -----------------------------------
  50                                  47.8                            80                          27.1                                  463
  100                                 94.9                            40                          6.89                                  233
  200                                 191                             20                          1.7                                   106
  400                                 374                             10                          0.44                                  59
  833                                 752                             4.8                         0.11                                  29
  1250                                1107                            3.2                         0.05                                  20

![Streamlines of internal acoustic streaming shown for each SAW frequency (1 μL water droplets seeded with 5 μm particles). For each case, 25--200 frames were overlaid, depending on the speed of the particles for best visualization. The SAW direction is to the right, as indicated, and the aperture and vertical position of the IDTs is shown to scale with respect to the droplet size.](adma0026-4941-f2){#fig02}

[Figure 2](#fig02){ref-type="fig"} shows the flow streamlines (from overlaid images of particle tracers) of representative measurements for the different operating frequencies used to actuate internal streaming in 1 μL particle seeded water droplets of diameter *d* = 1.5 mm. A frequency dependent transition between two distinct flow patterns was seen as the frequency was increased. Streamlines with standard double vortical structures\[[@b19]\] were observed for the droplets actuated by resonant frequencies up to 374 MHz. While this flow structure was apparent at frequencies that are typically associated with SAW microfluidics, at frequencies above 374 MHz a different flow structure appeared. This new flow pattern was characterized by two regions; one at the leading edge and one at the rear of the droplet. In the front region, again, there was a symmetrical vortical pattern with a strong three dimensional (3D) structure in which particles move upwards away from the SAW scattering region. The back region instead was characterized by a single rolling motion. As the frequency was increased from 752 MHz to 1.107 GHz the front vortices were compressed further and the back-rolling motion had the appearance of becoming increasingly chaotic.

The flow pattern transition can be described in terms of the decreased damping length of the acoustic wave in a viscous fluid, *x*~f~, as the frequency was increased. The damping length of an acoustic wave in water is given by *x*~f~ = 1/(γ *k~f~*), where *k~f~* = ω/*c~f~* and γ is (1+β)ηω/(2ρ*~f~ c~f~*^2^), where γ is the non-dimensional acoustic damping factor, *c~f~* is the speed of sound in fluid, β is the non-dimensional viscosity ratio (5/3 for simple fluids such as water), and η is the kinematic viscosity\[[@b20]\]---given for each frequency in Table [1](#tbl1){ref-type="table"}. The standard vortex pairs were generated by the 47.9 − 374 MHz devices, where *x*~f~ was greater (or on the order of) the droplet height *h*. For the devices with frequencies above 374 MHz, where there was the new strongly 3D fluid flow, the acoustic wave in the fluid died out at a decreasing fraction of the droplet size. The standard dual vortex flows can be expected for cases where *h*/*x*~f~ \< 1 and the new compartmentalized 3D pattern will occur in cases of *h*/*x*~f~ \> 1. Where *h* \< *x*~f~, a significant part of the acoustic energy was reflected at the surface of the droplet, generating a pressure field over the droplet length which induced a jet extension (central high velocity fluid path) over the entire droplet as in the standard pattern. Conversely, where *h* \> *x*~f~ the acoustic wave energy was dissipated before reflection at droplet surface and a strong gradient was defined only in the front region of the droplet. We in turn saw the jet and vortex pairs (the region of most intense fluid velocities) withdrawing closer to the fluid front---a change from the two-dimensional flows of lower frequency devices previously studied. Here, the pressure wave was compressed in the front region and its gradient was stronger in the out-of-plane direction. In the rear of the droplets where there was the single-rolling motion, instead, the pressure field had almost vanished. As the frequency was increased from 752 MHz to 1.107 GHz the back-rolling motion had the appearance of becoming increasingly chaotic. This may be expected as the acoustic intensity radiated into the droplet scales as *I* ∼ *f* ^2^*A*^2^ and it has been shown that at a fixed low frequency an increase of acoustic power leads to an increase of chaos in the flow structure.\[[@b4],[@b5]\]

**Figure** [**3**](#fig03){ref-type="fig"} demonstrates downscaling of the SAW microfluidic technology (Video S1). Flow patterns inside three significantly smaller nanoliter order droplets actuated by four frequencies are shown; (a) 47.8 MHz, (b) 94.9 MHz, (c) 191 MHz and (d) 1107 MHz (water seeded with 500 nm particles; 374 MHz and 752 MHz are not shown as they were qualitatively similar to 1107 MHz). For each droplet in the 47.8 MHz case ([Figure 3](#fig03){ref-type="fig"}(a)), there was a departure from the vortical structure seen in [Figure 2](#fig02){ref-type="fig"} and particles accumulated in rings as standing waves were formed in the droplet, reminiscent of Li et al.'s pattern generation in larger droplets by low (20 MHz) frequency SAW.\[[@b21]\] For the 94.9 MHz and 191 MHz induced flows there was a transition from the vortical structure seen in the larger droplet (and in [Figure 2](#fig02){ref-type="fig"}) to ring-patterns of the particles in the smaller droplets. The 94.9 MHz driven flows in the 26 nL droplet ([Figure 3](#fig03){ref-type="fig"}(b) left) and the 191 MHz driven flows in the 6.6 nL droplet ([Figure 3](#fig03){ref-type="fig"}(c) center) both exhibited transitional behaviors, displaying a combination of dual vortices and standing waves. For the 1107 MHz case ([Figure 3](#fig03){ref-type="fig"}(d)), the standard pair of vortices formed again in each case, demonstrating acoustic streaming flow in the 1.2 nL droplet. The smallest droplets in [Figure 3](#fig03){ref-type="fig"}(a--c) also showed that the distance between the standing wave driven accumulation lines decreased with the decrease in acoustic wavelength (increase in operating frequency). By adjusting the frequency of operation within this range, particle positioning and patterning could be controlled.

![Acoustic streaming within nanoliter order free droplets actuated by (a) 47.8 MHz, (b) 94.9 MHz, (c) 191 MHz, and (d) 1107 MHz SAW. In the (a) 47.8 MHz case we see particles accumulating in patterns and rings as standing waves are formed in the droplets. The (b) 94.9 MHz, and (c) 191 MHz cases show transitional regions where the larger droplet exhibits streaming, with particle aggregations beginning to dominate as the drop volume decreases. For the (d) 1107 MHz case, however, we see the standard vortical streaming pairs forming in each droplet size.](adma0026-4941-f3){#fig03}

This streaming-to-particle accumulation transition above can be described in terms of the droplet size *d* compared to the SAW damping length, *x*~s~ = 0.45 λ~s~ (ρ*~s~c~s~*)/(ρ*~f~ c~f~)* where λ~s~, ρ~s~ and *c~s~* are the wavelength, density and speed of the SAW in the substrate respectively.\[[@b22]\] Acoustic streaming is generated when *d*/*x*~s~ \> 1, while particle accumulation lines occur when *d*/*x*~s~ ≪ 1. At the transition *d*/*x*~s~ ∼ 1, particle dynamics resulting in a combination of the two cases occurs. When *x*~s~ ≪ *d* the acoustic source at the substrate-fluid interface has a substantial gradient, typical of previous SAW digital microfluidics investigations. If, however, *x*~s~ \> *d*, the acoustic field in the substrate at the solid-liquid interface has minimal decay over the droplet length resulting in an acoustofluidics behavior similar to bulk acoustic wave (BAW) actuated devices where standing waves appear in the fluid. In this situation particle accumulation along anti-nodal lines dominates over the acoustic streaming as has been theoretically shown for fluid reactor geometries with aspect ratios of less than two.\[[@b23],[@b24]\]

We now exploit the UHF-SAW driven streaming results from the previous sections to demonstrate one of the most important, difficult and limiting aspects of microfluidics---efficient and fast fluid mixing in microdroplets. **Figure** [**4**](#fig04){ref-type="fig"}(a) shows the mixing half-lives for 1 μL droplets over the investigated range of frequencies (as in [Figure 2](#fig02){ref-type="fig"}). We find that fast mixing is obtained for all the tested frequencies. Mixing times (*M**~τ~***) are reduced by increasing the SAW frequency while keeping the SAW amplitude (*A* = 100 pm) constant, and scales as *M**~τ~** ∼ f^−2^*. This is a convenient scaling law and shows that *M**~τ~*** scales with the inverse of the acoustic intensity, *I*, with a slight deviation at the highest frequency, possibly owing to some of the energy being used to generate droplet atomization.\[[@b11]\] The truly impacting application, however, is shown in [Figure 4](#fig04){ref-type="fig"}(b)--(d), where we apply the 1.1 GHz generated streaming to drive mixing in nanoliter order droplets. As shown in [Figure 3](#fig03){ref-type="fig"}, standing wave patterns and particle accumulations are generated in nanoliter scale droplets at typical SAW frequencies, which are not beneficial for mixing. Here, we instead exploit the UHF regime of acoustic streaming to generate mixing flows in these very small droplets. [Figure 4](#fig04){ref-type="fig"}(b) and (c) shows typical comparison images over time between mixing in a ∼6 nL droplet via (b) diffusion alone, and (c) 1.1 GHz SAW driven acoustic streaming. We see a dramatic decrease in mixing time of over two orders of magnitude.

![Active digital microfluidic mixing driven by ultra high frequency acoustic streaming. For typical 1 μL droplets (a) mixing half-lives are shown over the range of frequencies, and scale as *M**~τ~** ∼ f^−2^* (black line). Mixing is shown for a ∼6 nL droplet via (b) diffusion only, and actuated via a (c) 1107 MHz SAW. For nanoliter order droplets a shift to the UHF region is necessary to induce streaming. The normalized mixing of (b) and (c) are shown over time in (d), and shows a dramatic decrease in mixing time of over 100 times when the SAW is applied. Scale bar is 100 μm.](adma0026-4941-f4){#fig04}

In conclusion, we demonstrated that the necessary condition for vortical streaming in nanoliter volume droplets is *x*~s~ ≪ *d*, where there is a sufficient pressure gradient to initiate acoustic streaming rather than standing wave patterns. Additionally, as *x*~f~ becomes significantly small with respect to the droplet dia­meter the vortical patterns compress to the leading edge and the bulk flow becomes increasingly chaotic and three dimensional. By increasing the frequency of operation we can restore the standard SAW patterns that we see at lower, common operating frequencies, but now in significantly smaller droplets---microliters can in this way be reduced to nanoliters. By accessing frequencies up to the GHz range as shown here, tailored internal flow patterns can be induced in much smaller fluid droplets than were previously available by other microfluidic methods. This was applied to demonstrate a reduction of over two orders of magnitude in mixing time in nanoliter order droplets as compared to diffusion alone. Acoustic streaming patterns and mixing in nanoliter free-droplets are shown, which can be exploited for nano-fluidic mixers and particle manipulations, and extended to new types of flows and pattern generations in micro-channels for lab-on-a-chip devices.
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Video: *Nanoliter droplet acoustic streaming and particle accumulation is available* from the Wiley Online Library or from the author.
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